This paper reviews some recent work on the detection and sizing of closed internal fatigue cracks by ultrasonic techniques. Major emphasis is put on the diffraction of shear waves at the crack tip. Both fully open as well as partially closed cracks were considered. The effect of crack closure stress on backscattered (pulse-echo) shear waves was studied with the aid of an Al compact tension specimen. Noticeable changes with crack closure stress were documented for the structure of both the timedomain and frequency-domain representations. The techniques acquired with this specimen were applied to the study of a 50 ~m radius semi-circular crack internal to a diffusion bonded Ti-alloy plate. Improved signal processing techniques were employed to detect the crack and to distinguish it from an artificial surface crack. The probability of detection, assumed to be proportional to the signal-to-noise ratio, was measured as a function of crack interrogation angle and crack closure stress to provide data on optimum probability for detection and sizing. Vigorous research efforts on good models for closed cracks in specific materials and environments are needed to refine the techniques of detection probability.
INTRODUCTION
Recent work by others and us l - 22 have demonstrated the interest in the use of ultrasonic NDE to detect and size surface and near surface defects. In this paper we address the problem of the small internal fatigue crack and present preliminary results on several important issues which are the preparation of samples, the effect of closure on the crack detection, detection of an internal crack in the presence of a surface crack and the probability of detection. Learning from previous studies we employed the diffusion bonding technique to prepare the sample and used signal processing techniques to detect the crack and to study the scattered radiation pattern to determine the probability of detection as a function of various parameters and in several presentations.
SAMPLE PREPARATION AND MEASUREMENT TECHNIQUE
Four-point flexure cyclic fatigue was employed to grow a surface crack in a Ti-plate 0.25 in. thick. The crack was opened and filled with alumina powder to ensure crack integrity during the diffusion bonding process. Then the Ti-plate with the crack was diffusion bonded to another Ti plate which was about 0.19 in. thick. It was noted that no internal crack signal was observed until 1200 ~m/in. opening ~ress was applied. The transducer was 1/2 in. in diameter, had a 2.0 in. focal length and exhibited a 5.0 MHz center frequency. The signals were observed on a model 7704 oscilloscope (Tektronix) with the aid of a model 5052 PR Panametrics Pulser-Receiver. The signals were digitized with a model 7912 Programmable Digitizer (Tektronix) and processed with a Model D.G. M-600 computer. In addition to this Ti-plate a training sample was prepared consisting of an Al compact tension specimen with a low-cycle fatigue crack. Figure 1 shows the measurement configuration for the Al compact tension specimen. The crack tip was irradiated by a beam of shear waves. The crack had a length of about 40 rom; the tip of the crack was 25 mm from the side and 30 mm from the top of the block. The transducer launched a longitudinal wave into a water bath with the beam traveling at a 17.5 0 angle which upon entering the block generated a beam of shear waves traveling at an angle of 45 0 • A force could be applied at right angles to the crack to open the crack root at the bottom of the block. 
RESULTS
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A typical time domain wave form is shown in Fig. 2 for an open crack (top) and a closed crack (bottom). Note the difference in the character of the waveform and that the crack tip appears to produce a well-defined signal when the crack is open. reflect these components whereas the closed crack tends to allow their transmission. Figure 4 shows the amplitude of the diffracted signal from the crack tip as a function of crack opening strain. Note the gradual increase in amplitude with strain. This is characteristic of shear wave diffraction from closed and partially open cracks.
Ti Plate Experiments
The technique found to be most useful centers on the use of focussed shear waves to interrogate the crack. Figure 5 displays schematically the internal crack detection method which uses in pulse-echo a focussed transducer with a focal length of 5 em. The angle of incidence is such as to produce shear waves in the sample which interact with the fatigue crack. Figure 6 shows the microphoto of a surface starter crack. Initial experiments indicated that during the diffusion bonding process the crack shrinks and in some cases completely disappears. Further experiments proved that the crack size could be controlled by filling the crack with powder.
The use of a water bath allows a rapid and convenient search scan of the sample surface and Fig. 7 gives a waterfall plot of the diffracted shear waves in the sample at a beam angle of 70 0 • Three signals could be detected as shown. The signal on the left at early arrival times is due to a reference mark placed on the surface of the sample. The two signals, in the time range between 2 to 4 ~s, represent the flash points 22 associated with tips of the fatigue crack. With some signal processing the data of Fig. 7 can be replotted as a plot of distance vs time as shown in Fig. 8 . Here again, but with greater clarity, the reference signal from the surface mark and the crack tip flash point echos are displayed. Separation between echos along the vertical give the size of the crack as 50 ~m. Figure 9 shows the waterfall plot for a beam angle of 50 0 • At this angle the crack tip echos gave a more pronounced signal amplitudes. Figure 10 displays the corresponding distance vs time plot. The estimated depth agrees with that of Fig. 8 when the change in beam angle is taken into account. The signal amplitudes for the crack echos obtained for different beam angles were collected and plotted in Fig. 11 to shed light on crack detectibility in the presence of background grain noise. The detection probability is assumed to be proportional to the signal amplitude and appears to be maximum in the 40 0 to 60 0 range of beam angles in qualitative agreement with the results of Golan et al. 23 Figure 12 shows the waterfall plot for scans parallel to the crack plane enabling an estimate of length for the crack. The
, Four point-bending experiments were carried out to shed light on crack detectibility as a function of crack closure stress. Figure 14 gives the signal amplitude as a function of strain for compressive (negative values) and tensile (positive values) strain. The beam angle is 50 0 • The relative insensitivity of the amplitude to strain is in part explained by the alumina filling of the cracks.
CONCLUSIONS
Preliminary results on the detection of closed internal fatigue cracks by ultrasonic waves indicate that we are now able to prepare samples containing internal fatigue cracks, can distinguish these from nearby surface cracks, measure their width and length and develop data to shed light on the probability of detection. The present results are for an alumina filled fatigue crack of 50 ~m radius which was interrogated in a water test bed with broadband shear waves of 5 MHz center frequency. A key feature of the results was the relative insensitivity of the diffracted shear wave amplitudes to crack closure stress; whereas a noticeable change in the structure of both time domain and frequency representations with closure stress could be observed providing useful indications of the state-of-stress at the crack tip while not greatly diminishing its detectability. 
